INTRODUCTION
An in-line viscometer is valuable to the control of a flow process, particularly a non-Newtonian flow because its viscosity is shear-rate dependent and thus requires continuous monitoring. Currently available in-line viscometers are mostly of the probe design [1] and may obstruct the flow pattern, causing plugging problem in flows with suspended particles. A probe-type viscometer generally measures a response of fluid density-viscosity product. To separate mass loading and viscous effects, Kim and Bau [2] used a dual-probe design based on torsional wave speed and attenuation measurements. However, no commercial system has been developed from their concept. Another limitation of existing probe-type viscometers is the range of application, primarily in the low-viscosity range.
The ultrasonic viscometer described in this paper is a nonintrusive in-line device that measures both fluid density and viscosity. The principle of the viscometer is based on acoustic-and shear-impedance measurements. Normal-incident ultrasonic shear (1-10 MHz) and longitudinal waves (1 MHz) are launched to two wedge surfaces that are in contact with the fluid, and their reflections are measured. The reflection coefficients, along with the sound speed in the fluid, are used to calculate the fluid density and viscosity. A laboratory prototype has been built and tested. Results agree with a model calculation and show an accuracy of 1 % in density measurement and 5% in viscosity measurement for viscosities greater than 100 cPo THEORETICAL MODEL Longitudinal Waves and Acoustic Impedance of Fluid Acoustic impedance of a fluid, Zl, is the product of fluid density, p, and phase velocity, V, of sound in the fluid. It can be determined by measuring the reflection coefficient, R, at the boundary of the fluid and transducer wedge. R is defined as where Zw is the acoustic impedance of the wedge in which longitudinal waves propagate from transducer to fluid. If the phase velocity in the fluid can be accurately determined by other measurement such as time-of-flight of longitudinal waves traveling in the fluid, the fluid density can be derived from
where the absolute value of the reflection coefficient is used because in principle R is a complex number. However, in practice, if we assume that the wave attenuation in wedge and fluid can be neglected, only the real part of Rand Zw are used in the density calculation.
Shear Waves and Shear Impedance of Fluid
Use of the ultrasonic shear reflectance method to obtain the shear mechanical properties of fluids has been the subject of many studies for Newtonian [3] and nonNewtonian [4] fluids. Consider that gated shear-horizontal (SH) plane waves propagate in a wedge at an angle normal incident to the polished surface in contact with the fluid, and that the waves are reflected back. The shear-reflection coefficient can be expressed as given in Eq. 1 with shear impedances replacing acoustic impedances. The shear impedances of the wedge, Zws, and fluid, Zls, are given as
where Pw is the density of the wedge material, C44 the stiffness constant of the wedge, co the radial frequency of the shear wave, and 11 the fluid viscosity. Using Eq. 4, we have assumed that the fluid behaves as a Newtonian fluid; more complex expressions are expected for non-Newtonian fluids [5] . Thus from the shear reflection coefficient measurement, the density-viscosity product can be computed by (5) Equation 5 predicts the measurement sensitivity and range of the shear reflectance method. Figures. 1 and 2 show the dependence of reflection coefficient on density-viscosity product for different operating shear frequencies and wedge materials, respectively. To achieve better sensitivity, higher frequencies or "a higher frequency" and aluminum or fused quartz are recommended.
THE ULTRASONIC VISCOMETER Figure 3 shows the basic design of the ultrasonic viscometer and its signal-processing scheme. The basic design consists of two transducer wedges mounted on a pipe, opposite each other and flush with the inner surface of the pipe. The wedge uses an offset surface to provide the reference reflection that compares with the reflection from the sensing surface to give the reflection-coefficient measurement. In effect, the offset surface provides a continuous reference signal for self-calibration. Two types of transducer, shear (SH) and longitudinal, are used. Both are operated in the pulse-echo mode. Three major reflections are detected for longitudinal-wave operation, corresponding to reflections from the offset surface, the sensing surface in contact with the fluid, and the pipe wall on the opposite side. The amplitude ratio of the first two reflections produces a measure of reflection coefficient, while the time-of-flight between the second and third reflections determines the phase velocity of the longitudinal wave in the fluid. Thus, the longitudinal-wave operation gives a direct measure of fluid density. The shear-wave operation detects only two reflections because most fluids do not support shear waves. The amplitude ratio of the two reflections is used to calculate the reflection coefficient from which the density-viscosity product is deduced. In Fig.4 , we show reflected longitudinal and shear signals from air and from two asphalts that are similar in density but differ in viscosity. It is clearly shown that the viscosity effect appears only in shear-wave operation.
EXPERIMENTAL RESULTS
In laboratory tests conducted to prove the concept, aluminum wedges were used for both longitudinal-and shear-wave tests. Both transducers were pulsed by a wide-band pulse at a level of 100 V peak-to-peak, and the reflections were analyzed by a MA TEe quadrature phase detector (QD-855). Only the in-phase quadrature signals were digitized and analyzed for reflection coefficients on a computer. The transducers used in the tests have a center frequency of I MHz for longitudinal waves and 5 MHz for shear waves. A i r : 
Density Measurement
The longitudinal-wave reflectance method is used to measure fluid density. Table 1 lists the liquids of density standard used in the test for density calibration. The longitudinal-wave phase velocity in each liquid, deduced from time-of-flight measurement, is also given in the table. Because variations in phase velocities of the standard liquids do not correlate with their density changes, phase velocity alone cannot be used to predict liquid density. However, by combining phase velocity and acoustic impedance measurements, we can obtain an accurate prediction of liquid density. Figure 5 shows the density calibration curve for the method. A linear relationship with an accuracy of better than 1 % is obtained between the measured and real values. The result also indicates that the aluminum wedge may not have the sensitivity to measure densities lower than 0.5 g/cm 3 .
Viscosity Measurement
Model calculation, as shown in Fig. 2 for the aluminum wedge, estimates that a 1 % reflection amplitude change corresponds to about 250 cP viscosity change, and to achieve 1 cP resolution one must resolve an 0.05% change in amplitude measurement. To demonstrate the concept, we measured liquids of high viscosity, such as honey and epoxy. Figure 6 shows the reflection amplitude changes for three resins and a 5-min epoxy during their curing processes. It is clearly demonstrated that the shear-reflectance method can apply to curing-process monitoring or viscosity determination of epoxies and resins. Figure 7 shows the estimated viscosities, based on reflection coefficient measurement, of the epoxy and resins along with the measured viscosity of the honey obtained from Panametrics. o Water o Y120 + B175
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CONCLUSIONS
A new in-line nonintrusive ultrasonic viscometer uses a specially designed transducer wedge as the viscosity-sensing element. The wedge also provides a selfcalibration capability; thus the viscometer will not be affected by other process parameters such as temperature and pressure. The viscometer is based on impedance measurement, and both longitudinal and shear waves are used. From the longitudinal reflectance measurement, the viscometer measures fluid density with an accuracy of better than 1 %. Fluid viscosity is calculated from the shear-reflectance measurement. For an aluminum wedge, measurement resolution is estimated at 250 cP for each 1 % of amplitude change.
